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Abstract 
Bacillus thuringiensis(Bt) bio-pesticides is a kind of selective and efficient pesticides, but the high cost of raw materials 
always limits its development, food waste contains superior nutritional elements which could sustain the growth of most 
microorganisms. So we choose food waste as the material, explored its feasibility of producing bio-pesticides and optimized the 
influence parameters during the fermentation process. In this work, food waste with 75% water content presented δ-endotoxin 
efficiency of 862μg/mL, spore count of 2.23×1011 CFU/mL and entomotoxicity of 56560 IU/mg.The influence factors during 
fermentation process were optimized by asingle-factor indextest, and the result showed that initial pHhad a max effect on the 
fermentation performance. The optimum fermentation conditions were0.2% inoculum size, 2% salt content, 5% or less oil 
content, and the initial pH adjusted to 7.0, inoptimized conditions, the δ-endotoxin outputwas2310 μg/mL and the entomotoxicity 
was 56875IU/mgafter fermentation. It seemed to be a promising way to make use of food waste. 
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1. Introduction 
Bacillus thuringiensis(Bt) is playing an important role in pest controlbecause it’s with strong specificity, 
harmless to human or animal and good control effect1,but as the raw material, it accounts for 35% to 59% of the 
total cost of production,which restricts its’application2. Now, there are a lot of researchers looking for the low cost 
raw material, such as the animal waste3, agricultural waste4, sewage sludge5, biogas fermentation residue6, but 
theseraw materialsare relatively single therefore need to plus a large amount of carbon or  nitrogen source.However, 
the food waste contains rich nutrientsincluding both carbon and nitrogen, it can be said to be a typical "misplaced 
resources". 
TraditionalBt productionprocess includingdeep liquid and solid state fermentation.Deep liquid fermentation 
hasadvantages such as high efficiency, easycontroland easy to automate, withdisadvantages of high energy 
consumption, high rate of tank, high cost and low titer.Solid state fermentation is relatively simple, its’ yield is 
higher, and almost discharge no waste water in the whole process, but the fermentation temperature and humidity are 
hard to be controlled, and the mass transfer rate is slow7, so it is difficult to achieve large-scale industrial application. 
Semi-solid fermentation is widely used in the process of wine making, which can effectively overcome the 
shortcomingsofliquid and solid state fermentationas researches of Liu and Gu8, 9. 
The research usefood waste as raw materialsto study the feasibility of producing biological pesticide by semi-
solid fermentation, and analyze the influence of inoculation amount, initial pH, the salt content and oil content 
during the process.The result can provide theoretical reference to large-scale production ofBt biological pesticide. 
2. Materialsandmethods 
2.1. Microorganisms and substrate 
B. thuringiensissubsp.KurstakiBM35 was obtained from theChina Center of Industrial Culture Collection. The 
bacteriaweregrown on Petri plates containing 10 g/L peptone, 3 g/L beef extract, 5 g/L NaCl, 5 g/L glucose, and 13 
g/L agar at pH 7.0 for 48h at 28 °C–30°C. The plates were maintained at 4°Cand sub-cultured every 4 weeks. The 
foodwaste used in this study was collected from the dining room of the Beijing Municipal Research Institute of 
Environmental Protection, China. The samples weresmashed, sealed in plastic bags, and then immediately stored in 
a freezer at −20 °C. The characteristics of food waste used in this study are presented in Table 1. 
   Table 1.Characteristics of food waste. 
Parameter (s) Content range Average 
Moisture content/% 74.16~82.33 75.25 
TC/% 48.36~53.72 51.69 
TN/% 2.21~3.09 2.58 
pH  5.23~6.12 5.67 
NaCl/% 3.50~4.06 3.97 
Total sugar/% 56.58~66.10 60.23 
Starch/% 42.34~54.04 45.79 
Crude fats/% 15.22~18.97 17.93 
Crude proteins/% 13.21~17.36 15.34 
Crude fiber/% 1.99~3.15 2.89 
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2.2. Experimental methods 
2.2.1. Feasibility of semi-solid fermentation 
Btstrainwas cultured for 24 h in triangular flasks containing the culture medium under anaerobic conditions(the 
medium was the same to thatmentioned in 2.1 but without agar). The broth was centrifuged at 4°C, and the 
precipitate was washed with sterile water and added intosterilized (121°C, 20min) food wastewith 0.2% (g/g wet 
mass) inoculum size. The water contents of food waste were adjusted by drying under low temperature (40°C–50°C) 
or adding sterile water. The fermentation systems were run intriangular flasks incubated in ashaking incubator at 
30 °C (250 rpm) for 72h. Eachparameter in the process was measured at certain intervals. 
2.2.2. Influence factors analysis of semi-solid fermentation  
Select inoculum size,initial pH value,salt content andoil content as the inspection object, every factor adopted 
single-factor index,the water content of all the system were controlled at around 75%, The temperature and agitation 
speed were controlledat 30 ć and 250 rpm, respectively. The inoculum size was varied from 0.1% to 0.4%. The 
initial pH of the fermentation system was adjusted to the values ranging from 3 to 11 using 1.0mol/L NH3.H2O 
or1.0mol/L H2SO4. The oil content  (food waste was washed  oil and salt with 50 ć water) was varied from 0% to 
20%. Similarly the salt content was adjusted from 1% to 5%. Finally the semi-solid fermentation was carried out 
under the best condition, and the fermentation efficiency was analyzed. 
2.3. Analysis 
2.3.1. Visiblespore count (VC) 
Visiblespore count was determinedby countingthecolonies grown on TSA medium as described by Yezza et 
al10. For all counts, the average of at least triplicate plates was used for each tested dilution. For enumeration, the 
colonies counted on theplates rangedbetween 20 and 300. The results were expressed as colony forming units per 
milliliter (CFU/mL). 
2.3.2. δ-endotoxin 
δ-endotoxin was collected and purified using the method described by Vu et al11. The concentration of δ-
endotoxin was then determined using the Bradford method12. 
2.3.3. Bioassay 
The entomotoxicity was tested through bioassays against the third-instar larvae of Heliothis zea and detected 
according to GB/T 19597.3-2004 (China) by using CS-1995 and H3ab (toxicity 20,000 IU/mg, Ministry of 
Agriculture, China) as the standard preparation. The settings of parallel samples, preparation of control samples, and 
processing of experimental data were performed in reference to the method described by Zhuang et al13. LC50 
represented the final dilution that killed 50% of the larval population. The results were defined with the following 
equation and expressed in IU/mg. 
 
 ൌ ୐େఱబ୭୤ୱ୲ୟ୬ୢୟ୰ୢ୐େఱబ୭୤ୱୟ୫୮୪ୣ ൈ (1) 
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3. Results and discussion 
3.1. Feasibility of semi-solid fermentation 
The δ-endotoxin production has significant correlation with  biological toxic of fermentation broth,so it can 
serve as a kind of simple, practical and reliable index to characterize the Bt fermentation performance14.In this paper, 
three treatments with different water content(50%,75% and 99%) were testedand the results were showed in Fig.1. 
In the semi-solid medium, δ-endotoxin productionwas about 862μg/mLsubstrate, which presented a 30.2% 
increasefrom the equivalent volume of the solid-state sample and a 73.8% increasefrom the equivalent volume ofthe 
submerged sample. Moreover, results showed that the semi-solidstate samples have higher utilization rates of 
reducing sugar(in Fig.1 (a)), larger number of spores, and higherentomotoxicity (in Fig.1 (b)), which indicated that 
thesemi-solidstate system exhibits better availabilitythan the solid-state system15and is mainly characterized 
byhighmass-transfer efficiency,uniform physicochemical and biochemical properties and low concentration of 
inhibiting substance. Many researchersreported that the availability of substrate can affectthe yield of δ-endotoxin 
and entomotoxicity16, 17, 18.Meanwhile,submerged fermentationhaslow yieldsbecause of the low concentration of 
substrate, resulting inhighoperation and purification costs. 
 
 
—ƹ— 50%         —▲—75%      —Ƶ—99% ˄Left side˅ 
ƺ50%Ƹ75%  ƶ99% ˄Right side˅ 
Fig.1. Parameter variation under different water contents  
3.2. Influence factors analysis in semi-solid fermentation 
3.2.1. Influence of inoculum size in semi-solid fermentation 
As mentioned in section 2.1, product generation slowed down after 36h,in this period, the concentration of 
reducing sugar was maintained at 22g/L in the semi-solid systemand decreased insignificantly in the subsequent 
process. As this result could be caused by the inactivation of microorganism during the fermentation, so some 
attempts were made to reduce these effects, thereby the quantity of inoculum size in the system was changed. 
In the early stage of the fermentation, the bigger the inoculum sizes are, the faster the reducing sugar degrades; 
these data were showed in Fig. 2. After 36 h fermentation, the reducing sugar declined slowly in all situations, 72h 
later the reducing sugar dropped to 7.68g/L in the medium when inoculated 0.4 %, and at the same time it got the 
maximum reducing sugar using ratio in the system. But for the output of δ-endotoxin, the inoculum size arrived to 
0.3%, the δ-endotoxin accumulated up to 952ug/ml, which increased by 52%, 8% and 28%, respectively, when the 
inoculum sizes were 0.1 %, 0.2% and 0.4%. That is to say, the inoculum size was not the more the better, the more 
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microorganisms were, the more competition among them, the microbes in the system fight for food and finally 
affected the production. 
 
Fig.2. The reducing sugar and δ-endotoxin concentration in different inoculum size 
As showed above,the inoculum size 0.2% and 0.3% had the similar δ-endotoxin concentration, taking the 
expand production cost into consideration, we thought the inoculum size 0.2% was more appropriate. 
3.2.2. Influence of initial pH in semi-solid fermentation 
In many parameters, pH value is more difficult to control in the fermentation, the changes of pH can affect the 
growth of microbes and metabolites production. So the experiment part adjusts different initial pH to explore the 
variation of microorganism during the process. 
As shown in Fig.3.At early stage, the δ-endotoxin grew up quickly, then changed to be steady after 48h 
fermentation. When the initial pH values were 3 and 11, the concentration of δ-endotoxin was relatively low, and the 
bacteria grewslower, these suggested that Bacillus thuringiensis could not normally grow and reproduce in strong 
acid or alkali environment. In weak acid environment (pH = 5), although the bacteria could reproduce, it hindered 
the metabolic pathways of microbial, which directly affected the accumulation of δ-endotoxin19. However, in neutral 
(pH = 7) or slightly alkaline environment (pH = 9), the bacteria had good physical growth, and δ-endotoxin 
production reached its maximum 1256 μg/ml. 
 
Fig.3.The δ-endotoxin concentration in different initial pH   
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At the beginning of the fermentation, the living spore number was few due to it need to adaptthe new 
environment (in Fig.4), however, as the cultivate time went by, the bacteria entered into the logarithmic phase, the 
metabolism of cells became very fast, after 48 h fermentation, it went into stable period, the initial pH value of 7 and 
9 got the highest spores 1.03×1011, which was much higher than any other, this conclusion was the same with the δ-
endotoxin. 
 
Fig.4. The living spore number in different initial pH   
3.2.3. Effect of salt content in semi-solid fermentation 
The salt contained in food waste is one of the important factors to limit fermentation process. High salt content 
will affect the growth of Bacillus thuringiensis, to research the suitable salt content for Bt bacteria growth, the 
experiment carried out under salt washed with 50 ć water , and then fermented with adding different amountof salt 
in 1 L triangle flask. 
As shown in Fig.5. The δ-endotoxin production first rose up and then went to stable. After fermentation the 
salt content 2% got the largest δ-endotoxin output of 1125 μg/ml, moreover, too much or too little salt content would 
reducethe fermentationwith different range. As saw from the medium component in Bacillus thuringiensis,the 
amount of sodium ions were a necessary element for bacteria, too littlewould affect the synthesis of cells and too 
much could influence the osmotic pressure inside the cell, thus affecting its growth. The cells easily dehydrated 
contraction in hypertonic environment, as water was an essential substance for microbial physiological and 
biochemical reactions, lose the moisture content would inhibit the growth of bacillus thuringiensis, which directly 
influenced δ-endotoxin20. 
 
Fig.5. The δ-endotoxin concentration in different salt content 
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3.2.4. Effect of oil content in semi-solid fermentation 
In the fermentation oxygen will participate in the bacteria growth, product formation and maintenance of cell 
metabolism process, if the oil attached in the surface of the medium, it can hinder the air from going into the 
medium to a certain extent, which immediately  impacts the output of product. Fig. 6 showed the δ-endotoxin 
produced under different oil content. 
 
 
 
 
 
 
Fig.6. The δ-endotoxin concentration in different oil content 
As shown in Fig. 6, the higher the oil content in the food waste, the lower the δ-endotoxin was. When there 
were no oil or oil content was low (5%) in the system, the δ-endotoxin gained the highest yield of 1018 μg/ml 
andthe difference between each group was small, when the oil content came to 15% or 20%, the δ-endotoxin 
production dramatically decreased, and eventually the output accumulated to 632 μg/ml. It showed 
that Bacillus thuringiensis was an facultative anaerobe bacterium, when there were no oil or a small amount of oil in 
the system, it would not affect the normal growth of bacteria and the product quality, but excess oil easily attached 
on the surface of the medium, which directly hindered the transfer of oxygen, even cut off it, finally reduced δ-
endotoxin production22. 
3.2.5. Optimization experiment in the semi-solid fermentation 
From the above experiment, inoculum size,initial pH, oil content and salt content had different influence in semi-
solid state fermentation, in order to optimize δ-endotoxin production, the optimal combination of the four factors 
test was carried out, the conditions are shown as follow, the inoculum size was 0.2%,the initial pH adjusted to 7.0, 
the salt content was 2% and the oil content controlled below 5%, the results showed in Fig. 7. 
 
 
 
 
 
 
Fig.7. The δ-endotoxin production and entomotoxicity under optimum condition 
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After optimized the δ-endotoxin produced 2350 μg/ml, which increasedthree times compared with that was 
not optimized, from the point of the entomotoxicity, the optimized one had a 25% increase, which indicated the 
optimization experiment could obviously increase the product yield in semi-solid state fermentation, it also provided 
an effective way for Bacillus thuringiensis biopesticide industrial productionapplication . 
4. Conclusions 
(1) Food waste contains comprehensive nutrition and is suitable for Bt production;  
(2) Compared with solid-state and submerged fermentation, semi-solid state fermentation has better δ-endotoxin 
production and presents considerable advantages;  
(3) The inoculum size, the initial pH, the oil content and the salt content had different influence in semi-solid state 
fermentation, when the four factors adjusted to the best level, δ-endotoxin produced the highest yield of 2310 ug/mL 
and entomotoxicity arrived to 56875IU/mg; 
(4) The study provided a new way for the industrialization of Bacillus thuringiensis biopesticide. 
Acknowledgements 
This study was financially supported byBeijing Natural Science Foundation (8144048) and Science 
&Technology Foundation of Beijing Municipal Research Institute of EnvironmentalProtection (2013-B-06). 
References 
1. Van der Geer J, Hanraads JAJ, Lupton RA. The art of writing a scientific article. J Sci Commun 2000;163:51-9. 
2. Strunk Jr W, White EB. The elements of style. 3rd ed. New York: Macmillan, 1979. 
3. Mettam GR, Adams LB. How to prepare an electronic version of your article. In: Jones BS, Smith RZ, editors. Introduction to the 
electronicage. New York: E-Publishing Inc. 1999, 281-304.  
1.Benoit, T.G., Wilson, G.R., Baugh, C.L. Fermentation during growth andsporulation of Bacillusthuringiensis HD-1. Lett. Appl. 
Microbiol.1990,l0:1518. 
2.CPL SciemifiesL . The Bacillus thuringiens is ProductionHandbook[M ].UK: CPL Press;1993. 
3.Adams T T, Eiteman M A, Hanel B M. Solid state fermentation of broiler litter for production of biocontrol agents, Bioresource 
Technology.2002, 82(1): 33-41. 
4. Du L,ZhaoG,Xi Y, et al .Screening of Solid State Fermentation Conditions of Waste Stem for Producing BacillusThuringiensis, Tobacco 
Science & Technology. 2011, (12): 69-72. 
5. Zhuang L, Zhou S, Wang Y, et al.Cost-effective production of Bacillus thuringiensis biopesticides by solid-state fermentation using 
wastewater sludge: Effects of heavy metals, Bioresource Technology.2011, 102(7): 4820-4826. 
6.Zhang W, Gong A , Qiu L, et al. Solid state fermentation of biogas residues for production of Bacillusthuringiensis based bio-
pesticide[J].Transactions of the Chinese Society of Agricultural Engineering, 2013, 29(8):212-217. 
7. Wu L,Guan X. ProgressonApplicationofNewMaterialinBtFermentation [J]. JournalofAgriculturalScienceandTechnology.2008, 10(6):29-34. 
8. Liu X, Ran X, Wang W, Semi-solid fermentation brewing wine production technology development, Liquor Making, 2003, 30(3), 84-85. 
9. Gu C,Chen W,Zheng Z, et al. Vinegar Production from PineappleWaste by Semi-Solid State Fermentation,Food Science.2010, 16:56-60. 
10.Zhuang L, Zhou S, Wang Y, et al, Cost-effective production of Bacillusthuringiensis biopesticides by solid-statefermentation using 
wastewater sludge: Effects of heavy metals.Bioresource Technology, 2011, 102:4820-4826. 
11. Zouari, N., Jaoua, S. Production and characterization of metalloproteasessynthesized concomitantly with delta-endotoxin by Bacillus 
thuringiensis subsp. kurstaki strain grown on gruel-based media. Enzyme Microb. Technol. 1999, 25: 364-371. 
12.BradfordM.M. A rapid and sensitive method for the quantitation ofmicrogram quantitites of protein utilizing the principle of protein-dye 
binding.Anal. Biochem.1976,72:248-254. 
13.Vimala Devi, P.S., Balakrishnan, K., Ravinder, T., Prasad, Y.G., 2001.IdentiWcation of potent strains of Bacillus thuringiensis for the 
managementof castor semilooper Achaea janata (Linn) and optimizationof production. Entomon 26, 98-103. 
14.Chang M ,Zhou S ,Lu N. et al. Utilization of Sewage Sludge and Waste Molasses for Production ofBacillus thuringiensis Based Biopesticide. 
Acta Scientiarum Naturalium Universitatis Pekinensis, 2007, 43(6):759-763. 
15.Economou,Ch.N., Makri, A., Aggelis, G., Pavlou, S., Vayenas, D.V. Semi-solid state fermentation of sweet sorghum for the 
biotechnologicalproduction of single cell oil. Bioresour. Technol. 2010, 101:1385–1388. 
135 Hui Zou et al. /  Procedia Environmental Sciences  31 ( 2016 )  127 – 135 
16.Vidyarthi, A.S., Tyagi, R.D., Valéro, J.R., Surampalli, R.Y. Studies on theproduction of B. thuringiensis based biopesticides using wastewater 
sludge as araw material. Water Res.2002, 36: 4850–4860. 
17.Zhang, W.W., Qiu, L.N., Gong, A.J., Cao, Y.Q., Wang, B. Solid-state fermentation of food waste for production of Bacillus thuringiensis-
based bio-pesticide. 2013, 8: 1124-1135. 
18.Zhuang, L., Zhou, S.G., Wang, Y.Q., Liu, Z., Xu.R.X. Rongxian Cost-effective production of Bacillus thuringiensis biopesticides by solid-
statefermentation using wastewater sludge: Effects of heavy metals. Bioresour. Technol.2011, 102:4820-4826. 
19. Horiuchi J I, Shimizu T, Tada K, et al. Selective production oforganic acids in anaerobic acid reactor by pH control [J].Bioresource 
Technology, 2002, 82(3):209-213. 
20.Ogata. N.H. Kinetic analysis of two types of Na +channels in rat dorsaI root ganglia˷J˹. J Physiol, 1993, 466: 9- 37. 
21. Durand A.Bioreactor designs for solid state fermentation [J].Bio-chemical Engineering Journal.2003, 13(2-3):113-125. 
 
 
 
 
 
